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Abstract
The simultaneous use of different types of fibers as reinforcement in cementi-
tious matrix composites is typically motivated by the underlying principle of
a multi-scale nature of the cracking processes in fiber reinforced cementitious
composites. It has been hypothesized that while undergoing tensile defor-
mations in the composite, the fibers with different geometrical and mechan-
ical properties restrain the propagation and further development of cracking
at different scales from the micro- to the macro- scale. The optimized de-
sign of the fiber reinforcing systems requires the objective assessment of the
contribution of each type of fiber to the overall tensile response. Possible
synergistic effects resulting from particular combinations of fibers need to
be clearly identified. In the present study, the evaluation of the response
of different fiber reinforced cementitious composite materials is carried out
by assessing directly their tensile stress-crack opening behavior. The effi-
ciency of hybrid fiber reinforcements and the multi-scale nature of cracking
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processes are discussed based on the experimental results obtained, as well
as the micro-mechanisms underlying the contribution of different fibers to
bridge cracks resulting from tensile loading.
Keywords: Hybrid, Fiber Reinforcement, Tensile Properties, Cementitious
Composite, Material Design, Cracking Process.
1. Introduction1
The performance of concrete at the serviceability and ultimate limit states2
is governed by its susceptibility to cracking due to its quasi-brittle nature.3
Damage tolerant concretes have been investigated since the appearance of4
the first structural applications of fiber reinforced concretes. Pseudo-strain5
hardening behavior in tension has particular relevance in the development6
of these materials. The Strain Hardening Cementitious Composites (SHCC)7
with pseudo-strain hardening ability in tension improve the durability and8
lead to a more efficient preservation of functional properties of structures [1].9
Over the past few years, significant research efforts have been dedicated to10
the development of SHCC [2], adopting different strategies and technologi-11
cal approaches [3]. High toughness, tensile strength, tensile strain hardening12
ability with the development of diffuse crack patterns in tension are some13
of the most important properties, which have guided the optimization and14
design of these materials. Engineered Cementitious Composites (ECC), a15
class of cement based materials typically reinforced with Polyvinyl Alcohol16
(PVA) fibers, is one of the examples of SHCC showing high ultimate tensile17
stain (between 3% and 7%) at an ultimate tensile strength of about 5 MPa18
[2].19
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The recent technological development of a wide variety of fibers has been20
creating new opportunities to the improvement of fiber reinforced cementi-21
tious composite materials. The strategy often adopted in the design of these22
materials is based on the utilization of fibers of different natures in the same23
composite. This strategy aims at designing composites with improved ten-24
sile response by taking advantage of the combined contribution of all types25
of fibers to the overall tensile response of the composite. The use of fibers26
of different natures and with distinct geometrical and material properties in27
hybrid fiber reinforced cementitious composites has been reported to improve28
the material properties of fiber reinforced cementitious composites [4–8].29
The main advantage often attributed to the utilization of hybrid fiber30
reinforcement in fiber reinforced cementitious composites is the ability to31
restrain cracking at different scales of the cracking process [3, 9]. It is gen-32
erally recognized that the micro-mechanics of the cementitious composites is33
determined by the multi-scale nature of these materials, which in turn is re-34
flected in a multi-scale structure of the cracking processes [10]. In a simplistic35
perspective, it is assumed that the micro-cracks generated during cracking36
process are bridged by smaller fibers, while the propagation of macro-cracks37
is restrained by the larger fibers [11]. A visible crack can be assumed as the38
result of the coalescence of randomly oriented and diffusely distributed micro-39
cracks previously formed. In this context, it is believed that the design of40
the fiber reinforcement is optimal when the multi-scale nature of the cracking41
process is taken into account. Further research concerning this mechanism is42
required though, as the explicit evidence of the true crack restraining micro-43
mechanics in multiple fiber-type reinforced cementitious composites is not44
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fully established. The relation between the hierarchized cracking process45
in a composite, the different material scales and the mechanics of crack re-46
straining by the different fiber reinforcements at different scales is not clearly47
understood.48
It is the objective of the work presented in this paper to investigate in49
detail how fibers of different types are affecting the bridging behavior, and50
if a synergy between these bridging mechanisms in the composite can be es-51
tablished. Therefore the strategy adopted in the assessment of the tensile52
performance of fiber reinforced cementitious composites needs to appraise53
explicitly the importance and role of the micro-mechanisms of each compos-54
ite phase in the overall composite response. In particular, when multiple55
fiber-type reinforcements are used, the contribution of each type of fiber and56
the interaction between different fiber reinforcements and different matrices57
in the overall composite mechanics needs to be clearly identified.58
The tensile performance of fiber reinforced cementitious composites is59
typically characterized by the fracture parameters and the load-deformation60
behavior derived with different standard test setups [12–14]. For conven-61
tional types of fiber reinforcement, the three point bending test and the62
wedge splitting test setups are the most frequently used, mainly because63
the experimental procedure is considered simple and allows the characteriza-64
tion of the composite post-cracking behavior in a replicable fashion [15–18].65
Inverse analysis is often utilized to derive the tensile stress-crack opening66
behavior from these experimental load-deformation results. Although satis-67
factory correlations are typically obtained, the uniqueness and universality68
of the solution independent of the test setup, of the boundary conditions and69
4
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
of the generated stress fields are not fully established [19]. In addition, when70
SHCC materials are considered, the potential formation of an unknown num-71
ber of cracks during testing compromises the explicit characterization of the72
tensile material constitutive behavior. The direct assessment of the tensile73
stress-crack opening behavior, while experimentally more demanding, may74
be regarded as the most effective approach to access objectively the tensile75
performance of SHCC. In particular, when multiple types of fibers are used76
as reinforcement, this procedure may also allow the clear distinction of the77
contribution of each type of fiber to the overall composite behavior.78
The assessment of the constitutive tensile stress-crack opening behavior79
has clear benefits in the structural design with SHCC. The numerical model-80
ing of the mechanical behavior of SHCC at the meso-scale level may be based81
on micro-mechanical parameters like the mechanical properties of the fibers82
and of the matrix, and the properties of the fiber-matrix interface [20, 21].83
However, the explicit characterization of the material behavior in terms of84
the stress-crack width is important to the consistent constitutive modeling85
[22–24]. The material design process also becomes more efficient when the di-86
rect assessment of the tensile stress-crack opening behavior is made possible.87
In this study, the single crack tension test (SCTT) setup is used to directly88
assess the tensile stress-crack opening behavior of single fiber and multiple89
fiber SHCC. As shown in previous research, this procedure allows the direct90
assessment of the tensile stress-crack opening behavior of SHCC [25–28]. The91
tensile responses obtained with the SCTT were also analyzed and compared92
with the behavior of a single crack in multiply-cracked dogbone-shaped spec-93
imens under direct tension [28]. In this study the contribution of the single94
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crack tension test to understand the fracture micro-mechanisms and their95
influence in the tensile performance of fiber reinforced cementitious compos-96
ites is analyzed, as well as its importance to support the design process of97
cementitious composites reinforced with multiple types of fibers.98
99
2. Materials and Methods100
2.1. Materials101
The present study is focused on investigating the influence of each type102
of fiber on the tensile behavior of SHCC, when single or multiple types of103
fibers are used as reinforcement. Therefore, a similar composition of the ce-104
mentitious matrix was used in all the tested composites. The cementitious105
matrix was mainly composed of cement (CEM 52.5 N type I), fly ash (type106
S), fine sand (0.17 mm), quartz powder and water, with the weight propor-107
tions presented in Table 1.108
109
Table 1: Weight of the materials used for 1 dm3 of cementitious matrix.
Cement Fly ash Fine sand (0.17 mm) Quartz powder Water
428 g 856 g 150 g 150 g 320 cm3
Fibers of three different natures were used: PVA (polyvinyl alcohol), PAN110
(polyacrylnitrile) and PP (polypropylene). The main geometrical and me-111
chanical properties of these fibers are presented in Table 2112
113
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Table 2: Main properties of the fibers used.
Fiber
Tensile strength Length Diameter
(MPa) (mm) (µm)
PVA 15 1600 8 40.0
PP 900 12 40.0
PAN 1.5 826 6 12.7
Considering the extensive experience available with PVA fibers in the de-114
sign of SHCC (Li2003), a composite formulation containing 2% of PVA fibers115
was studied. This composite represents a performance reference, when the116
objective of accomplishing strain hardening ability in tension is considered.117
As reported in a previous study [28], the composite reinforced with 2% of118
PVA fibers may be classified as a SHCC. For reference, a composite with 1%119
of PVA fiber reinforcement was also investigated. The volumetric percent-120
ages of the six composites tested are presented in Table 3.121
122
The experimental characterization of the multiple cracking behavior of123
SHCC is typically carried out using the direct tension tests of dogbone-shaped124
specimens. The SCTT approaches the problematic of the tensile behavior of125
these composites from a different perspective, that is, by investigating the126
tensile behavior of the composite at the level of a single crack. The require-127
ments for the attainment of a single crack with the SCTT were discussed128
in a previous research study [28]. The SCTT results of the 2% PVA fiber129
reinforced SHCC were analyzed and compared with the direct tension test130
results of dogbone-shaped specimens. In particular, the behavior of a single131
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Table 3: Fiber reinforcement volumetric percentages of the developed fiber reinforced
cementitious composites.
Composite
PVA 15 PAN 1.5 PP
% vol. % vol. % vol.
1PVA 1 0 0
2PVA 2 0 0
HybPAN 1 1 0
2PAN 0 2 0
HybPP 1 0 1.25
2.5PP 0 0 2.5
crack in the multiply-cracked dogbone shaped specimen was described during132
tensile testing and compared with the SCTT results of the same composite133
[28].134
The adoption of 2.5% fiber volume in the case of the PP fiber reinforced135
composite aimed at partly compensating the lower strength of PP fibers com-136
pared to the PVA fibers. The composite specific tensile strength obtained137
with a volume fraction of 2% of PVA fiber reinforcement is equivalent to138
3.56% of PP fibers. However, during the mixing process the fiber dispersion139
was found to be unsatisfactory for PP fiber volume fractions greater than140
2.5%. To achieve satisfactory fiber dispersion with greater fiber volumetric141
percentages the matrix composition would have to be redesigned. This proce-142
dure was not considered in this study, whereas the same matrix composition143
in all composites was necessary to analyze the composite tensile behaviors144
and their direct relation with the type of fiber reinforcement used. The lower145
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strength of PAN fibers would also require an increase of the PAN fiber vol-146
ume fraction used, to obtain a similar composite specific tensile strength.147
Due to their high specific surface, PAN fibers also showed strong interaction148
with the fresh matrix, and satisfactory fiber dispersion was observed only for149
fiber volume fractions not exceeding 2%.150
2.2. Compression test151
When investigating the tensile performance of conventional fiber rein-152
forced cementitious composites, the information obtained from compression153
tests is useful in the sense that it is predominantly associated with the me-154
chanical properties of the matrix exclusively. The influence of fiber rein-155
forcement on the composite compressive strength is commonly assumed as156
negligible, although it contributes to increase the post-cracking energy dis-157
sipation ability [29]. The fibers used in the present study are, however,158
substantially smaller than the ones typically observed in conventional fiber159
reinforced cementitious composites.160
The compactness of the solid skeleton is known to affect the compos-161
ite compressive strength. In particular, at the scale of the paste material162
structure, the microscopic arrangement of the particles of cement, fly ash163
and other fine additions affects the mechanical properties of the matrix [30].164
Considering that the diameters of the fibers studied are of the same order of165
magnitude as the fine particles composing the paste, fibers will have an effect166
on the compactness of the solid skeleton at the scale of the paste material167
structure. The chemistry of fibers and fine particles will also affect the bal-168
ance of interaction forces between the fine particles in suspension composing169
the fresh paste. Therefore, the different diameters and chemical composition170
9
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of the fibers studied will likely have an effect on the fresh properties and on171
the micro-structure of the hardened composite. The compressive strength172
may consequently differ in all composites, although the composition of the173
matrix is the same. To analyze this aspect of the mechanical behavior of the174
composites studied, the compressive strength was evaluated.175
The experimental procedure consisted of loading the specimens at a com-176
pressive displacement rate of 0.1 mm/s. For each composite three cubes177
(40×40×40 mm3) were tested.178
179
2.3. Single Crack Tension Test (SCTT)180
The mechanical characterization of a crack during the initiation and prop-181
agation stages requires the observation of a single crack during the entire182
loading hardening-softening test sequence. This is often a problem, given183
that SHCC materials are typically designed to develop multiple cracks in184
tension.185
The conditions necessary to obtain a single crack with the SCTT for the186
assessment of the mechanical tensile stress-crack opening behavior of SHCC187
were analyzed in a previous work [27]. The SCTT results were analyzed and188
compared with the behavior of a single crack in multiply-cracked dogbone-189
shaped specimens under direct tension [28]. In the present study, the SCTT190
procedure was adopted to assess the tensile stress-crack opening behavior of191
cementitious composites reinforced with single and multiple types of fibers.192
The geometry of the specimen is represented in Figure 1. The length of the193
specimen was 120 mm and the free distance between the clamped edges of194
the specimen during testing was 70 mm. The test setup and support condi-195
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tions are shown in Figure 2.196
197
50 mm
10 mm 10 mm
8 mm
0.5 mm
12 mm
2 mm
Figure 1: Geometry used in the assessment of the tensile stress-crack opening behavior.
The procedure consisted of loading the specimen at a tensile displacement198
rate of 5 m/s. This displacement rate was transmitted to the specimen by199
means of two hydraulic grips, clamping the ends of the specimen (rotations200
and transverse displacements were restrained). During testing, the opening201
of the notch was measured using two clip gauges, positioned on opposite202
sides of the notch, as shown in Figure 2. The formation of a single crack was203
confirmed by inspection of the tensile stress-crack opening responses as well204
as visually, as shown in Figure 3(a) and Figure 3(b).205
206
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Figure 2: Tensile test setup, including supports and measuring instrumentation (clip
gages).
3. Experimental results207
For each composite, the tensile stress-crack opening behavior was derived208
using six specimens. The tensile stress was computed by dividing the tensile209
load by the net area of the notched cross-section. The crack opening was210
computed by averaging the notch opening recorded by the clip gauges. The211
opening at the opposite sides of the notch were later confirmed to be nearly212
identical, as a result of the imposed boundary conditions. The tensile char-213
acteristics of each composite, in the form of a tensile stress-crack opening214
relationship, are expected to assume the schematic shape of a multi-linear215
diagram as represented in Figure 4.216
217
The overall shape of the bridging stress, σB, versus the crack opening, w,218
curve is expected to be sensitive to the simultaneous use of different types219
of fibers as reinforcement, causing the formation of multiple bridging stress220
12
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(a) Composite containing 2% of PVA
fibers.
(b) Composite containing 1% PVA +
1% PAN
Figure 3: Crack surface of specimens.
peaks. The main parameters defining the schematic of the bridging stress,221
σB, versus the crack opening, w, relationship are the first cracking stress,222
σcr, the initial bridging stress, σb,1, the peak bridging stress, σB,1, and the223
corresponding crack opening at peak bridging stress, wB,1. When multiple224
bridging stress peaks develop, distinct tensile hardening-softening sequences225
can be distinguished. In each of these tensile hardening-softening sequences,226
the local initial minimum and peak bridging stresses are distinguished by227
using the lower-case b or the capital B as subscripts, respectively. The ten-228
sile hardening-softening sequence k will have, as main parameters, the local229
initial bridging stress σb,k, the local peak bridging stress σB,k and the corre-230
sponding crack openings wb,k and wB,k. The index k can adopt the integer231
value from 2 to n, being n the total number of tensile hardening-softening se-232
quences. Finally, the residual bridging stress, σb,n+1, the corresponding crack233
opening, wb,n+1, and the ultimate cohesive crack opening, wu, characterize234
the last portion of the tensile bridging stress-crack opening curve, where the235
exhaustion of the remaining links between the two opposite crack surfaces236
13
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Figure 4: Schematic of tensile stress-crack opening response of cementitious composites
reinforced with multiple fiber types.
occurs. The scatter of results associated with each parameter is also relevant237
in the modeling and up-scaling of the mechanical parameters derived with238
the SCTT to the structural level, as represented in Figure 4 by the shaded239
area.240
The experimental results obtained for a few of the aforementioned pa-241
rameters are presented in Table 4. The compressive strength, σfc, and the242
first cracking stress, σcr, were selected due to their relation to the mechanical243
properties of the cementitious matrix. Conversely, the peak bridging stress,244
σB,1, and the ultimate cohesive crack opening, wu, were selected due to their245
sensitivity to the type of fiber reinforcement used. For practical reasons, in246
the present case wu was assumed as the crack opening observed for a residual247
tensile strength of 0.5 MPa. The average (avg), the standard deviation (std)248
and the coefficient of variation (cv) were computed for each parameter in249
Table 4.250
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251
Table 4: Main parameters and scatter obtained from compression and tension tests.
Composite
σfc σcr σB,1 wu
MPa MPa MPa mm
(%) (%) (%) (%)
1PVA
avg 68.17 3.98 3.77 0.87
std 5.16 0.70 0.25 0.12
cv (7.6) (17.2) (6.6) (13.4)
2PVA
avg 70.51 4.36 6.64 1.20
std 6.56 0.44 0.43 0.13
cv (9.3) (10.0) (6.4) (11.0)
HybPAN
avg 89.53 5.25 4.64 0.64
std 5.60 0.84 0.48 0.07
cv (6.3) (16.0) (10.2) (11.4)
2PAN
avg 54.02 4.99 5.03 0.15
std 6.17 0.77 0.42 0.01
cv (11.4) (15.5) (8.4) (5.9)
HybPP
avg 52.37 2.95 4.05 > 2.0
std 2.80 0.69 0.54 -
cv (5.3) (23.2) (13.4) -
2.5PP
avg 70.48 2.99 4.33 > 2.0
std 3.12 0.96 0.35 -
cv (4.4) (32.2) (8.1) -
15
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As shown in Table 4, the scatter of the experimental results was relatively252
low. The cv derived for all parameters was below 15%, with the exception of253
σcr. For both the composites reinforced with PP fibers the value of wu was254
not determined, since the test sequence was terminated at a CMOD of 2.0255
mm for all specimens. In the case of the PP fiber reinforced composites, the256
tensile stresses measured at this CMOD were still higher than 0.5 MPa.257
In Figure 5 the experimental tensile stress-crack opening curves are pre-258
sented. For clarity, the experimental average curves were obtained by av-259
eraging the tensile stresses measured at each crack opening observed in all260
the tested specimens of every composite. Additionally, the envelope of all261
experimental results is represented by the shaded area.262
263
4. Discussion of results264
The results presented in Table 4 summarize the essential mechanical pa-265
rameters characterizing the tensile response of the fiber reinforced cementi-266
tious composites tested. The robustness of the results is supported by the267
overall low statistical scatter obtained, with the exception of the first crack-268
ing stress results.269
Although all composites had the same matrix composition, the com-270
pressive strengths obtained were clearly different. The average compressive271
strength results ranged between a minimum of 52 MPa and a maximum of272
90 MPa. The maximum cv was 11.4%, suggesting that the computed aver-273
age compressive strengths are representative and satisfactorily robust. The274
clearly different results obtained show that the compressive strength of the275
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Figure 5: Average curves and envelopes of the experimental results obtained from six
specimens of each composite.
composite is not only determined by the composition of the matrix. Conse-276
quently, either in a direct or indirect fashion, the fibers have an important277
influence in the compressive behavior of the composite. When designing the278
mix composition for a specific compressive strength class, the consideration279
of the contribution of different fiber types and volumes is therefore relevant.280
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The results of the average first cracking stresses also showed a clear in-281
fluence of the fiber reinforcement type. Either due to the direct contribution282
of fibers to restrain crack propagation or due to their interference with the283
micro-structure of the solid skeleton and the composite flaw size and dis-284
tribution, these results show that the first cracking stress is not exclusively285
influenced by the matrix composition. The cv values derived were noticeably286
higher, probably due to the greater influence of brittle fracture mechanisms287
and the typically associated scatter. While the cv clearly differs when com-288
paring the different composites tested, the std is, however, of the same order289
of magnitude, suggesting that the mechanism causing this scatter is common290
to all tested composites. The present research is not sufficiently detailed291
to clarify this mechanism, but probably the results are strongly affected by292
the size distribution and type of porosity in the matrix, or by the effect of293
the aggregates used on the initiation of cracking, or any other factor with294
significant influence on the fracture processes and crack propagation in the295
composites.296
The peak bridging stress may be considered as the mechanical parameter297
that is most strongly correlated with the characteristics of the fiber reinforce-298
ment adopted in each composite. The lower cv values of the peak bridging299
stresses may be justified by the greater influence of the properties of the fiber300
reinforcement. In general these have low scatter, as a result of quality control301
in the production of the fibers.302
When comparing the experimental results of all composites, no clear cor-303
relation between the average peak bridging stresses and the average compres-304
sive strengths is perceptible. Given that the matrix composition is identical305
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in all tested composites, each type of fiber reinforcement seems to influence306
differently the compressive and the tensile properties of each composite. Sim-307
ilarly, no correlation is perceptible between the first cracking stress and the308
compressive strength or the peak bridging stress. These results may be ex-309
plained at the level of the composite micro-mechanics, of great complexity.310
Their complete understanding may be circumvented if a robust procedure is311
employed to describe the fundamental mechanical parameters of the tensile312
composite behavior, both in the material design and in the constitutive mod-313
eling viewpoints. This procedure should be sensitive to the main composite314
parameters, like the nature and geometry of fiber reinforcements used, the315
matrix mechanical properties and the interaction that is established between316
them.317
Using the SCTT setup previously described, in this research six distinc-318
tive tensile stress-crack opening behaviors were identified. The experimental319
results shown in Figure 5 demonstrate that the tensile stress-crack opening320
curve is very sensitive to the characteristics of the fiber reinforcements used.321
As shown in Figure 5, the effective contribution of the fibers to the322
tensile-hardening mechanisms occurred at clearly different CMOD of the ten-323
sile stress-crack opening behavior. The different orders of magnitude of the324
CMOD at which the diverse fibers showed greater efficiency may be one mo-325
tivation to support the typically idealized multi-scale nature of the mechanics326
of cementitious composites in tension, when multiple types of fibers are em-327
ployed. In general, the composites showed singular tensile bridging stress328
hardening-softening sequences (n=1, see Figure 4). The exception was the329
composite containing 1%PVA + 1%PAN fibers (HybPAN), where two dis-330
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tinct tensile hardening-softening sequences were identified (n = 2, see Figure331
4). Hence, the tensile response in terms of the tensile stress-crack opening332
behavior clearly revealed the use of two distinct types of fibers in the com-333
posite.334
The experimental results show that the mechanical contribution of the335
smaller and thinner fibers was exhausted at a much earlier stage, that is,336
at relatively small crack widths. The tensile capacity of the composite rein-337
forced with 2% of PAN fibers was fully exhausted before most of the other338
composites reached their respective peak bridging stresses. In contrast, the339
longer PP fibers provided significant contribution to the tensile strength of340
the composites for almost the entire range of CMOD measured, reaching the341
peak bridging stress at larger CMOD and showing higher residual tensile342
strengths. The PVA fibers developed the highest bridging stresses in the343
composite and contributed more effectively to the composite tensile strength344
at intermediate CMOD values.345
346
5. Micro-mechanics of cracking at multiple scales of the cracking347
process348
The results presented in Figure 5 show that the effective mobilization349
of the different types of fibers during the SCTT sequence occurs at differ-350
ent CMOD ranges, which correspond to different length scales of the mate-351
rial micro-structure. The PAN fibers restrain crack opening at small crack352
widths, reaching the peak bridging stress at a CMOD of approximately 50353
µm. In contrast, the composites reinforced with PP fibers show the little con-354
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tribution of the fibers to crack restraint at smaller CMOD. Instead, PP fibers355
are more effective at maintaining high levels of residual tensile strengths up356
to the maximum CMOD adopted in the experimental program (2 mm). The357
peak bridging stress in the PP fiber reinforced composite is reached at a358
CMOD of approximately 500 µm, one order of magnitude above the CMOD359
at peak bridging stress observed in the PAN fiber reinforced composite. The360
scale of the cracking process at which PAN and PP fibers are effective is,361
therefore, clearly different.362
363
5.1. Tensile response up to 50 µm364
The discussion of the micro-mechanisms underlying the observed ten-365
sile behaviors requires a closer observation of each distinct cracking stage366
at different scales of the cracking process. In Figure 6, the tensile behavior367
observed for all composites is presented up to a CMOD of 50 µm. The aver-368
age curves presented earlier for the composites reinforced with PAN and PP369
fibers are shown in addition to the average curves obtained for the compos-370
ites reinforced with 1% and 2% PVA fibers.371
372
The tensile stress-crack opening curves presented in Figure 6 show that373
the contributions provided by the different fiber reinforcements up to a374
CMOD of 50 µm are clearly differentiated. The tensile responses diverge375
from the linear elastic behavior almost right from the onset of the testing376
sequence. The high stress concentrations created at the tip of the notch in377
the specimens lead to the early initiation and propagation of the crack plane.378
Therefore, some fibers crossing the notched cross-section plane near the tip379
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Figure 6: Tensile responses up to a CMOD of 50 µm
become active before the first cracking stress (σcr, see Figure 4) is reached. In380
general all types of fibers contribute to the first cracking stress, although this381
contribution may be more or less significant, depending of the nature and382
geometry of the fiber. At this smaller scale of observation, σcr represents the383
the peak stress reached up to a CMOD of 10 µm. The early crack initiation384
obtained in a controlled manner with the SCTT setup allows distinguishing385
the different contributions provided by different fibers at very small crack386
widths. For the same matrix, PAN fibers showed a more effective contribu-387
tion to crack restraint at this stage, followed by the PVA fibers and by the388
PP fibers. The average value of σcr ranges from 2.95 MPa for the composites389
containing PP fibers, to 5.25 MPa for the composites containing PAN fibers.390
The load decay subsequent to cracking is apparently smoother in the case391
of the composite reinforced with the PAN fibers. Although the transfer of392
the tensile stresses from the matrix to the fibers occurs at a higher tensile393
load, the effective mobilization of PAN fibers at this stage is contributing to394
a smoother load decay. In contrast, even at lower tensile stresses, the post-395
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peak load decay observed with the PP fiber reinforced composites occurs396
rapidly, probably due to the lower interfacial bonding of these fibers with the397
matrix and the consequent earlier fiber debonding. The remaining part of398
the observed length scale in Figure 6 is also dominated by the PAN fibers,399
which reveal a superior contribution to crack restraining at CMOD up to 50400
µm.401
402
5.2. Tensile response up to 0.5 mm403
In Figure 7 the tensile behavior obtained for all composites is presented404
for a CMOD up to 0.50 mm. At this length scale of the cracking process, the405
PVA fibers clearly show the more effective contribution to crack restraining.406
The composites reinforced with 2%PVA reached the highest peak bridging407
stress at a CMOD of approximately 0.40 mm. The PP fibers also contributed408
considerably to the tensile bridging stresses observed at this scale, but the409
lower interfacial bond between the PP fiber surface and the matrix led to410
the gradual loss of crack bridging capacity at increasing CMOD. These lower411
interfacial bond properties also led to lower initial bridging stresses (σb,1, see412
Figure 4) and to a more abrupt load decay at aprevious stage. This effect413
was attenuated when a fraction of the PP fibers was replaced by PVA fibers,414
in the case of the hybrid composite (1%PVA + 1.25% PP).415
416
In general the results show that, when using PAN fibers, the small fiber417
diameter and the improved bonding with the matrix enhance the crack re-418
straint for CMOD smaller than 10 µm, consequently the σcr reached is higher.419
The subsequent load decay, followed by a tensile hardening stage up to an420
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Figure 7: Tensile responses up to a CMOD of 0.50 mm
approximate CMOD of 50 µm, are the consequence of the gradual mobiliza-421
tion of the PAN fibers present in the composite, which remain as the most422
effective at the smaller length scale of the cracking process. After the peak423
bridging stress is reached, the subsequent stress decay is rapid, as shown in424
Figure 7. When half of the PAN fiber reinforcement is replaced by PVA,425
some of the crack restraining effect at the early cracking stage is lost. How-426
ever, the 1%PVA + 1%PAN composite developed a second tensile hardening427
sequence (n = 2, see Figure 4) at higher CMOD values. While aggregating428
the features observed in each of the single fiber composites, the hybrid seems429
to underperform the single fiber composites at the cracking stages where the430
latter individually showed higher effectiveness. In the case of the PVA+PAN431
composite, this effect was less significant at smaller CMOD (up to 50 µm).432
At higher CMOD, the hybrid underperformed even the composite containing433
1% of PVA. The loss of workability of the fresh mixtures due to the addition434
of PAN fibers may justify this result.435
436
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5.3. Tensile response up to 2.0 mm437
The use of the PP fibers resulted in a delayed mobilization of the fiber re-438
inforcement. As shown in Figure 8, the tensile stress-crack opening response439
of the composite reinforced with 2.5% PP fibers presented a long tail of rela-440
tively high tensile bridging stresses in the entire range of measured CMOD.441
Due to the reduced interfacial bond of the fibers with the surrounding ma-442
trix, the prevailing pull-out mechanism of PP fibers manifests itself both in443
the early stages of cracking (Figure 6) and in the overall behavior (Figure 8).444
During the early stage of cracking, the contribution of the PP fibers to the445
first cracking stress was less significant than the one observed for the PVA446
fiber reinforced composites. After cracking, the load decay observed in the447
PP fiber reinforced composites was more significant and the first bridging448
stress (σb,1, see Figure 4) was lower. This is the consequence of the rapid449
propagation of the tunnel crack during debonding, with the transfer of the450
tensile stresses form the matrix to the fibers. The subsequent fiber bridg-451
ing stress recovery was also steeper in the PP reinforced composites, as a452
consequence of the low stress (σb,1) at which the high fiber reinforcement453
ratio is being mobilized. With the increase of the CMOD, the initial stiffness454
observed in the tensile hardening stage gradually decreases, as result of the455
prevailing fiber pull-out mechanisms.456
457
The main difference between the SCTT results observed in PVA and PP458
fiber reinforced composites is located at the region where the peak bridging459
stress is reached (σB,1, see Figure 4). While in the PVA fiber reinforced460
composites the experimental curves exhibited a sharp transition from the461
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Figure 8: Tensile responses up to a CMOD of 2.0 mm
tensile hardening to the tensile softening stages, in the PP fiber reinforced462
composites the same transition is smooth and gradual (Figure 8). The well463
known superior interfacial bonding of the PVA fibers with the matrix may464
justify these results, as opposed to the lower bonding of the PP fibers due465
to their hydrophobic nature [31, 32]. In the PP fiber reinforced compos-466
ites the gradual increase of the stress transferred to the fibers during the467
post-cracking tensile hardening stage results in the early debonding of a468
gradually increasing number of PP fibers. Therefore, the initial tensile hard-469
ening stiffness steadily decreases at increasing CMOD and the transition to470
the softening phase occurs gradually, generating the typical smoothly curved471
shape of the tensile response in the vicinity of the peak bridging stress. The472
superior bonding of the PVA fibers with the matrix results in a constant473
tensile hardening stiffness during most of the post-cracking tensile hardening474
stage. This improved bond behavior is also responsible for the rupture of475
most of the fibers once the tensile load approaches the bridging peak. There-476
fore, after the peak bridging stress is reached, tensile softening occurs more477
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rapidly in the PVA than in the PP fiber reinforced composites. Additionally,478
this differentiated bond behavior also explains the preservation of a higher479
residual tensile strength in the composites reinforced with PP fibers. The480
hybrid composite (1%PVA + 1.25%PP) showed a mixed behavior, aggregat-481
ing the features observed in the corresponding composites reinforced with482
fibers of single type. As before, the hybrid composite underperformed the483
respective composites reinforced with single types of fibers at the cracking484
stages where the latter, individually, showed a more effective tensile response.485
486
5.4. Energy dissipated in the fracture process487
An important indicator of the overall tensile performance of the tested488
composites is the energy dissipated during the fracture process. For the bet-489
ter understanding of the role of each type of fiber in each of the cracking490
process length scales previously referred, the energy dissipated during the491
fracture process was computed at three distinct CMOD: 50 µm, 0.50 mm492
and 2.0 mm. In Figure 9, the results are presented for the six composites493
tested. These results were based on the average experimental tensile stress-494
crack opening curves of each composite.495
In general, the results show that the most effective type of fiber is not the496
same at each of the represented length scales of the cracking process. Up497
to a CMOD of 50 µm, both in the single fiber and in the hybrid fiber re-498
inforced composites, the PAN fibers exhibit higher effectiveness. The PVA499
fibers are more effective in the intermediate scale, showing the highest dissi-500
pated energies at a CMOD of 0.50 mm. PP fibers have significant effect at501
larger crack openings, showing both the composites containing PP fibers the502
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Figure 9: Energy dissipated during fracture computed for a maximum CMOD of 50 µm,
0.50 mm and 2.0 mm, based on the average tensile stress-crack opening curves.
highest energy dissipation at a CMOD of 2.0 mm. Considering the poten-503
tial synergistic effect of having multiple fiber-type reinforcements, the hybrid504
composites were expected to outperform the superposition of the correspond-505
ing single fiber reinforced composites. A positive synergistic effect cannot be506
observed. In the special case of the hybrid composite reinforced with PVA507
and PAN fibers, the hybrid even underperformed the 1% PVA reinforced508
composite at CMOD between 0.1 and 0.5 mm. One possible explanation for509
this result is the unfavorable effect of PAN fibers on the fresh properties of510
the composite.511
512
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6. Effectiveness of hybrid fiber reinforcement513
In order to clarify the effectiveness of the hybrid fiber reinforcements,514
the tensile response of the hybrid composites was predicted based on the re-515
sults obtained from the corresponding single fiber reinforced composites. To516
this purpose, the expected tensile stress-crack opening curves of the hybrid517
fiber reinforced composites were obtained by superposing the contribution518
of each fiber fraction. The hybrid fiber reinforced composites contain 50%519
of the amount of fiber reinforcement used in the corresponding single fiber520
reinforced composites, therefore the contribution of each type of fiber in the521
hybrid composites was assumed as equal to 50% of the tensile stress mea-522
sured at each CMOD of the corresponding single fiber reinforced composites.523
The total volume of fiber reinforcement in the single fiber and in the hybrid524
fiber reinforced composites is, thus, nearly identical to the volume of fiber525
reinforcement assumed in the expected tensile responses. This is essential to526
the assumption of a comparable micro-structural arrangement of the solid527
particles and dispersed fibers in the composites, for both the experimental528
and the expected tensile responses.529
530
6.1. Hybrid fiber reinforcement of PVA and PAN fibers531
In Figure 10, the composite HybPAN (1%PVA + 1%PAN) expected ten-532
sile stress-crack opening response is compared to the experimental. Addition-533
ally, the experimental responses of the corresponding single fiber reinforced534
composites (2%PVA and 2%PAN) are shown. The gray shaded area rep-535
resents the envelope of the expectable tensile responses to the hybrid fiber536
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reinforced composite, when assuming that this tensile response is the syn-537
thesis of the tensile responses obtained for the corresponding single fiber538
reinforced composites. Exemplifying, one boundary of this gray shaded area539
is obtained when the expected hybrid fiber composite tensile response is540
the result of adopting a ratio of 100% of the 2%PVA tensile response and541
0% of the 2%PAN tensile response, which coincides with the experimental542
tensile response obtained for the 2% PVA fiber reinforced composite. The543
other boundary of this gray shaded area is obtained when the ratio 0% of544
the 2%PVA tensile response and 100% of the 2%PAN tensile response are545
considered, and the expected tensile response for the hybrid coincides with546
the 2%PAN fiber reinforced composite. The tensile response obtained when547
50% of the 2%PVA tensile response and 50% of the 2%PAN tensile response548
are considered corresponds to the expected tensile response for the 1%PVA549
+ 1%PAN hybrid fiber reinforced composite. This expected tensile response550
can thus be compared to the experimentally obtained tensile response for551
the 1%PVA + 1%PAN hybrid fiber reinforced composite, with the purpose552
of investigating possible synergistic effects emerging from the simultaneous553
use of two different types of fibers in the same cementitious composite.554
555
The experimental tensile bridging stresses of the hybrid fiber reinforced556
composite never exceed the upper limit of the gray area, as shown Figure 10.557
Therefore, the hybrid fiber reinforced composite is unable to perform better558
than the corresponding single fiber reinforced composites in the regions of559
the tensile response where the latter are more effective. Comparing the ex-560
pected and the experimental tensile responses obtained for the hybrid fiber561
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Figure 10: Expected tensile response of the hybrid fiber reinforced composite (PVA, PAN)
based on the tensile responses of the corresponding single fiber reinforced composites.
reinforced composite, only at very small CMOD the experimental curve out-562
performs the expected one. Only at this small region of the tensile response563
a probable positive synergy may be hypothesized. Therefore, the presence of564
different types of fibers in the same composite does not necessarily lead to565
better tensile performance. In fact, the achievement of a better performance566
when compared with the one resulting from the superposition of the contribu-567
tions of each fiber fraction is unlikely, since the regions of the tensile response568
where the optimal mobilization of each type of fiber occurs are different. As569
a consequence, the activation of the fibers during the fracture process is not570
synchronized, which causes a reduction of the overall tensile performance. In571
addition, fiber reinforcement mechanisms of individual fibers are not opti-572
mized when several types of fibers are used in the same composite, since it573
is unlikely that the optimal matrix properties considering the interaction of574
31
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one type of fiber with the matrix, are simultaneously optimal to the other575
types of fibers.576
The multi-scale nature of the cracking process, and the adoption of differ-577
ent fiber reinforcement types in crack restraining at the level of these different578
length scales of the cracking process, are generally recognized as fundamental579
principles leading to optimized fiber reinforcement design concerning tensile580
performance. The length and diameter of the PVA and PAN fibers used in581
this study were clearly different, and the experimental results showed that582
the crack restraining effect provided by these fibers was occurring at clearly583
distinct length scales of the cracking process. However, a positive synergy584
between these two different fibers in the hybrid composite was not observed.585
Only at very small CMOD the experimental curve surpassed the expected586
one, suggesting that in the early stage of crack formation a synergistic col-587
laboration of the fibers to crack restraining may have occurred. This may,588
however, not be sufficient to support the general use of hybrid fiber formu-589
lations, if optimal tensile performance is pursued. Nevertheless, the double-590
peak nature of the tensile stress-crack opening response was a unique feature591
demonstrated by the HybPAN composite, which may be of interest for par-592
ticular applications.593
594
6.2. Hybrid fiber reinforcement of PVA and PP fibers595
In Figure 11 the HybPP (1%PVA + 1.25%PP) expected tensile stress-596
crack opening curve is compared to the tensile response experimentally ob-597
tained. The tensile responses experimentally obtained for the corresponding598
single fiber reinforced composites (2%PVA and 2.5%PP) are also shown. As599
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in the previous section, the envelope of the gray shaded area is established by600
the tensile responses experimentally obtained for the composites reinforced601
with 2%PVA and with 2.5%PP, which are the hypothetical limits of the hy-602
brid fiber reinforced composite expected tensile response.603
604
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Figure 11: Expected tensile response of the hybrid fiber reinforced composite (PVA, PP)
based on the tensile responses of the corresponding single fiber reinforced composites.
As shown in Figure 11, the tensile response of the hybrid composite never605
surpasses the upper limit of the gray area. Therefore, also when using PVA606
and PP fibers as reinforcement, the hybrid composite is unable to perform607
better than the corresponding single fiber reinforced composites in the re-608
gions of the tensile response where the latter are more effective. Comparing609
the expected and the experimental tensile responses obtained for the HybPP610
(1%PVA + 1.25%PP), the experimental response also underperforms the ex-611
pected response in the entire range of CMOD measured. The discrepancy612
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between the expected and the experimental responses is higher in the vicin-613
ity of the peak bridging stress, that is, in the region of the tensile response614
where the optimal mobilization of the fibers is supposed to occur. Although615
the tensile responses obtained from the single fiber reinforced composites616
(2%PVA and 2.5%PP) are substantially different, the region of the tensile617
response where optimal mobilization of the fibers occurs is essentially iden-618
tical, and the CMOD at which the peak bridging stress is reached is nearly619
identical. This may suggest that a synchronized mobilization of the fibers620
is occurring in the hybrid composite, but the experimentally obtained ten-621
sile response for the hybrid fiber reinforced composite clearly underperforms622
the expected tensile response. Therefore the activation of the different types623
of fibers may not be fully synchronized, in this case not because fiber full624
mobilization occurs at different CMOD, but because the micro-mechanisms625
of fiber mobilization are essentially distinct for PVA and for PP fibers. In626
particular, as a result of the lower interfacial bond between the PP fibers and627
the matrix, the fiber length required to transfer the tensile stresses from the628
matrix to the fibers is longer in PP than in the PVA fibers. The different629
mechanics of interaction between the matrix and the PVA or the PP fibers630
result in considerable differences in the micro-mechanisms of crack restrain-631
ing provided by the PVA or the PP fibers. The result is the formation of632
substantially different stress fields in the transition zone between the fiber633
bridged crack plane and the intact bulk material, depending on the type of634
fiber considered. This discrepancy may justify the loss of performance ob-635
served in the hybrid fiber reinforced composite, and may be interpreted as a636
lack of synchronism of the crack restraining micro-mechanisms between PVA637
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and PP fibers. Additionally, the different nature of the fiber-matrix interac-638
tion for the different fibers in the fresh mixture probably led to poorer fiber639
dispersion during mixing, with negative consequences to the tensile perfor-640
mance of the hardened composite.641
642
7. Conclusions643
In this research, the single crack tension test (SCTT) was used to assess644
the tensile performance of six fiber reinforced cementitious composites. The645
responses obtained showed high sensitivity to the parameters of the different646
cementitious composites tested, in particular to the different types of fiber re-647
inforcements used. The experimental results showed considerable robustness648
and reasonably low dispersion of results. This reduced dispersion contributed649
to the clarification and effective understanding of the fiber-matrix interac-650
tions and of the the different stages of crack initiation and propagation.651
The experimental tensile stress-crack opening responses showed that the652
different fibers used in the composites are activated at different length scales653
of the cracking process. The small diameter fibers (PAN) showed a more654
effective contribution to crack restraining at very small crack openings, al-655
most ten times smaller than the observed for the larger diameter fibers (PVA,656
PP). This differentiated contribution of the fibers to crack restraining at dif-657
ferent scales of the cracking process was also revealed by the multiple tensile658
hardening-softening sequences observed in one of the hybrid composites. The659
generic shape of a multiple-peak tensile stress-crack opening relationship was660
suggested, considering the most important micro-cracking mechanisms and661
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the main stages of the cracking processes.662
The multi-scale nature of cracking mechanisms in cementitious matrix663
composites is often assumed as the reason to support the adoption of hy-664
brid fiber reinforcements. Although the experimental results have shown665
that these different length scales of the cracking process exist, and that the666
activation of different fibers occurs at different scales of the material struc-667
ture, the synergistic effect of combining different types of fibers in the same668
composite could not observed. The hybrid formulations underperformed the669
respective single fiber-type reinforced composites at the CMOD ranges where670
the latter were more effective. In addition, the hybrid formulations also un-671
derperformed the expected tensile performances based on the direct superpo-672
sition of the tensile responses of the corresponding single fiber-type reinforced673
composites. The multiple peaks of the tensile bridging stress reached in the674
composite containing two geometrically distinct types of fibers may be of675
interest for further investigation, for special applications. However, consider-676
ing the optimization of the composite tensile performance, a design process677
leading to the synchronized activation of the fibers intersecting a crack in the678
hybrid composite should be preferred.679
The design of a hybrid fiber reinforced cementitious composite will even-680
tually consist of selecting the length scale or scales of the cracking process at681
which the fiber crack restraining effect is more important. A multiplicity of682
different applications may present diverse requirements concerning the ten-683
sile stress-crack opening response of the cementitious composite, which for684
various reasons may justify the adoption of fiber reinforcements composed of685
two or more different types of fibers. However, the design of optimal com-686
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positions of fiber reinforcement towards optimized tensile performance must687
consider the need to preserve synchronism in the activation of the different688
types of fibers, which is not likely when multiple types of fibers are used689
simultaneously in the same cementitious composite. The results obtained690
suggest that, when a single fiber type is utilized and all fibers in the com-691
posite are similar, the synchronized activation of all fibers is more likely to692
occur and their contribution to crack restraining tends to be more effective.693
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